ABSTRACT Increasing age in a woman is a well-documented risk factor for meiotic errors, but the effect of paternal age is less clear. Although it is generally agreed that spermatogenesis declines with age, the mechanisms that account for this remain unclear. Because meiosis involves a complex and tightly regulated series of processes that include DNA replication, DNA repair, and cell cycle regulation, we postulated that the effects of age might be evident as an increase in the frequency of meiotic errors. Accordingly, we analyzed spermatogenesis in male mice of different ages, examining meiotic chromosome dynamics in spermatocytes at prophase, at metaphase I, and at metaphase II. Our analyses demonstrate that recombination levels are reduced in the first wave of spermatogenesis in juvenile mice but increase in older males. We also observed age-dependent increases in XY chromosome pairing failure at pachytene and in the frequency of prematurely separated autosomal homologs at metaphase I. However, we found no evidence of an age-related increase in aneuploidy at metaphase II, indicating that cells harboring meiotic errors are eliminated by cycle checkpoint mechanisms, regardless of paternal age. Taken together, our data suggest that advancing paternal age affects pairing, synapsis, and recombination between homologous chromosomes-and likely results in reduced sperm counts due to germ cell loss-but is not an important contributor to aneuploidy.
C HROMOSOME abnormalities are extraordinarily common in humans, with an estimated 10-30% of fertilized human eggs being aneuploid due to meiotic errors. Most cases of aneuploidy are maternally derived, and the risk of errors increases exponentially with advancing age such that the majority of eggs ovulated by women over the age of 40 are chromosomally abnormal (Hassold and Hunt 2001) . The effect of maternal age on female meiosis is complex and likely mediated by events occurring at multiple points in the life cycle of the oocyte (Nagaoka et al. 2012) . Intriguingly, from analyses of human trisomies it is clear that errors in meiotic recombination-an event that occurs in the fetal ovary-contribute to a large proportion of maternal nondisjunction events, with most being age-independent but some suggested as being age-dependent (Fisher et al. 1995; Hassold et al. 1995; Oliver et al. 2008) .
By comparison with the female, our understanding of chromosome errors during spermatogenesis is limited. Although maternal errors account for the vast majority of human aneuploid conceptuses, paternal errors do occur and, for some chromosomes, predominate; in 10% of Down syndrome cases, the extra chromosome 21 is of paternal origin (Zaragoza et al. 1994) and, among sex chromosome aneuploidies, 50% of 47,XXY cases are attributable to a paternal error (Hassold et al. 1992) . In addition, 47,XYY cases can only be of paternal origin, and they are not rare, with an incidence of 1 in 1000 male births (Hook and Hammerton 1977) . However, relatively little is known about the association between paternally derived aneuploidy and advancing age. Analyses of autosomal and sex chromosome trisomies have been equivocal, with some reports but not others suggesting an effect of paternal age on the likelihood of nondisjunction (Sloter et al. 2004; Fonseka and Griffin 2011) . Indeed, the most compelling case for an increased risk of meiotic errors with advancing paternal age comes from large analyses of human sperm by fluorescence in situ hybridization, with a number of studies demonstrating increased frequencies of sex chromosome disomy or disomy 21 with advancing paternal age (Griffin et al. 1995; Martin et al. 1995; Robbins et al. 1995; Rousseaux et al. 1998) . The increase in risk is modest by comparison with the maternal age effect, with two-or threefold differences between males in their 20-30s and those 50 and older (e.g., Griffin et al. 1995) . Furthermore, significant increases in sperm aneuploidy with advancing age have been reported in oligospermic men (e.g., Dakouane et al. 2005) .
In addition to reports suggesting a small increase in meiotic segregation errors with age, other aspects of spermatogenesis appear to decline with age. For example, a study of testicular biopsies from men ranging from 29 to 102 years old suggested an age-related decline in the number of spermatogonia, spermatocytes, spermatozoa, and Sertoli cells (Dakouane et al. 2005) , confirming reports from smaller studies focusing on younger men (Johnson et al. 1984 (Johnson et al. , 1987 (Johnson et al. , 1990 . A significant increase in spermatocyte degeneration has also been reported in men of advanced age (Johnson et al. 1990 ) and, because meiotic errors are known to trigger meiotic arrest and cell death (Hunt and Hassold 2002; Burgoyne et al. 2009 ), increased cell death would be an expected consequence of an age-related increase in meiotic errors. Thus, the age-related decline in spermatogenesis appears to be due to changes in both the spermatogonial stem cells (SSCs) and the somatic environment: the SSCs become fewer in number, with compromised activity, and the somatic environment loses its ability to support spermatogenesis (Ryu et al. 2006; Zhang et al. 2006) .
In addition, an increased risk of de novo gene mutations with advancing paternal age is well established in humans and is thought to contribute to both simple Mendelian and complex genetic traits (Goriely and Wilkie 2012) . This has been postulated to result from a constellation of agerelated changes that compromise DNA replication, DNA repair, cell cycle control, and epigenetic modifications in SSCs, leading to the accumulation of errors (Paul and Robaire 2013) .
Because the onset of meiosis involves the accumulation and repair of programmed double-strand breaks, we postulated that an age-related increase in defects in DNA replication and repair would be evident as an increase in defects during meiotic prophase. Accordingly, we initiated studies to test the hypothesis that defects in meiotic prophase and/or metaphase are more common in older males. We examined male mice from different strains, asking whether age affected the incidence of defects in synapsis and recombination between homologs, the maintenance of connections between homologs at metaphase I (MI), or the incidence of abnormal numbers of chromatids or chromosomes at metaphase II (MII). We identified a surprising reduction in recombination levels in the first wave of spermatogenesis in the juvenile testis and, in older males, a slight increase in recombination as well as an increase in abnormalities at MI. However, regardless of age, our data suggest that meiotic checkpoints remain intact and that cells with meiotic errors are effectively eliminated. We conclude that, in the mouse, the incidence of meiotic errors increases with advancing paternal age, but spermatocytes with errors are effectively eliminated, preventing a corresponding increase in aneuploidy.
Materials and Methods

Animals
Wild-type male C57BL/6J (B6), C3H/HeJ (C3H) (Jackson Laboratory, Bar Harbor, ME), and ICR (CD-1) mice (Harlan Laboratories, Livermore, CA) were housed in ventilated rack caging in a pathogen-free facility. Three to 10 males from at least three different litters were analyzed for each age group, with the exception of the 2-year-old CD-1 group, which contained only two males. Male littermates not utilized for analysis at 20 days post-partum (dpp) were weaned and saved for later age analyses. At weaning, adult animals were housed individually and drinking water and chow (Purina Lab * Data represent 3-10 males/group from a minimum of three litters, with the exception of 2-year-old CD-1, which represents 2 males from different litters. ** For each strain, different age groups were compared by one-way ANOVA. Superscript letters denote statistically significant differences as determined by a Newman-Keuls post hoc test (at least P , 0.05); like letters indicate no differences.
Diet, 5K52) were provided ad libitum. All animal experiments were approved by the Institutional Animal Care and Use Committee at Washington State University, which is fully accredited by the American Association for Accreditation of Laboratory Animal Care.
Spermatocyte preparations
Males were killed and testes immediately dissected, weighed, and placed in PBS. Spermatocyte preparations were made according to the protocol of Peters et al. 1997 , with one modification: a thin layer of 1% paraformaldehyde was applied to clean slides using a glass pipette, rather than by dipping the slide. After overnight incubation in a humid chamber, slides were dried, washed with 0.4% Photo-flo 200 solution (Kodak Professional), air-dried, and viewed on a Nikon Labophot-2 phase microscope. Two slides with spread cells were chosen for immediate staining, and the remaining slides were frozen at 220°.
Immunostaining
Slides were blocked for 1 hr in sterile-filtered antibody dilution buffer (ADB), consisting of 10 ml normal donkey serum (Jackson Immunoresearch), 3 g OmniPur BSA, Fraction V (EMD Millipore), 50 ml Triton X-100 (Alfa Aesar), and 990 ml PBS. MLH1 (Calbiochem, PC56, at 1:60) and RAD51 (Santa Cruz biotechnology, sc-8349, at 1:60) primary antibodies were diluted in ADB, and 60 ml of antibody solution was applied and covered with a 24 3 50-mm 2 glass coverslip, sealed with rubber cement, and incubated overnight at 37°. Following incubation, slides were washed briefly in ADB, SYCP3 primary antibody (Santa Cruz biotechnology, sc-74569, at 1:300) was applied, a parafilm coverslip was added, and slides were incubated for 2 hr at 37°. Following incubation, slides were washed in two changes of ADB for at least 1 hr each. Alexa Fluor 488-conjugated AffiniPure donkey anti-rabbit secondary antibody (Jackson Immunoresearch Laboratories, Inc., 711-545-152, at 1:60) was applied to slides, a glass coverslip was added and sealed with rubber cement, and slides were incubated overnight at 37°. The next morning, slides were briefly washed in ADB, and Cy3-conjugated AffiniPure donkey anti-mouse secondary antibody (Jackson Immunoresearch Laboratories, Inc., 715-165-150, at 1:1000) was applied with a parafilm coverslip for 45 min at 37°. At the end of incubation, slides were washed in two changes of PBS for at least 1 hr each, and 20 ml of Prolong Gold antifade reagent with DAPI (Life Technologies, P36931) and coverslips were applied. Excess DAPI was blotted out with filter paper, and coverslip edges were sealed with rubber cement. Stained slides were stored at 4°in slide folders prior to analysis.
MLH1 and RAD51 analysis
For studies of recombination levels, pachytene-stage cells were scored for the number of MLH1 foci per cell. We scored a minimum of 25 cells per mouse and analyzed 3-10 mice for each age group (20 dpp, 12 weeks old, 1-year-old, and 1.5 years or 2 years old). For studies of the first wave of spermatogenesis, B6 males from a total of four litters were analyzed at 20, 30, and 35 dpp (three males in each group), and an additional group of 12-week-old B6 males was concurrently analyzed for comparison. Three to four males per age group were also analyzed for RAD51. The 15-dpp group for RAD51 consisted of three to four males from a minimum of three separate litters, used nowhere else in this study.
Images of cells were captured on a Zeiss Axio Imager epifluorescence microscope. Three images were taken consecutively-SYCP3-TRITC, MLH1-FITC, and DAPI-and cell coordinates were recorded via England finder to allow relocation. Each image was adjusted uniformly using the Zeiss Axiovision software to reduce background and then saved without the DAPI channel for MLH1 and RAD51 foci analysis. Foci counts were determined for 12-30 zygotene-stage cells (RAD51) and 25-30 pachytene-stage cells (MLH1) per animal by two scorers who were blinded with regard to age group or strain of the animal. In the case of RAD51, scores were averaged. Minor scoring discrepancies for MLH1 were resolved between scorers, and cells with major discrepancies were discarded. Cells with poor staining or synaptic defects were excluded from foci number analysis.
Fluorescence in situ hybridization
Following initial capture of images of individual cells, the rubber cement was removed, and slides were soaked overnight in PBS at room temperature to remove the coverslip. Slides were hybridized with mouse whole-chromosome paint probes to chromosomes 1 and 11 (Applied Spectral Imaging) using the vendor's protocol. Cells were then relocated on the Zeiss Axio Imager epifluorescence microscope using previously recorded coordinates and imaged using Zeiss Axiovision software.
Synaptic defects
The frequency of synaptic defects in 50 pachytene-stage cells from each animal was determined by two independent observers who were blinded with regard to age group. Pachytene cells were identified on the basis of SYCP3 immunostaining, and cells were scored into four categories:
(1) perfect, if all homologs were fully synapsed and the sex chromosomes were closely associated; (2) major defects (asynapsis, partial asynapsis, nonhomologous synapsis); (3) minor defects (forks/bubbles/gaps or fragmentation in an otherwise normal pachytene cell); and (4) associations [nonhomologous end-to-end associations between two or more synaptonemal complexes (SCs)]. Individual defects were defined as follows-asynapsis: one or two pairs of homologs remaining unsynapsed for at least one-third the length of the SC in a cell that otherwise exhibited complete synapsis; nonhomologous synapsis: synapsis occurring between nonhomologous chromosomes; forks and bubbles: one or two pairs of homologs remaining unsynapsed at the end (fork) or internally on the SC (bubble) for less than onethird of the SC length; gaps: one or two gaps in SC staining that were longer than the width of an SC; and fragmentation: small segments of SC with colocalized DAPI staining that could not be identified as part of a pair of homologs. Cells with multiple defects could be scored in more than one defect category (e.g., a cell with both partial asynapsis and associations would be included in both categories). Because the sex chromosomes synapse later in pachytene and desynapse earlier in diplotene than autosomes (Solari 1989; Kauppi et al. 2011) , they were excluded from synaptic defect analysis. However, sex chromosomes should be paired and in close proximity to one another, and therefore their failure to pair (but not synapse) was included in the defect analysis. Figure 1 Synaptonemal complex length and recombination correlation with age. Total MLH1 foci (x-axis) and corresponding SC length (y-axis) for pachytene-stage spermatocytes from juvenile and adult males. The Pearson correlation coefficients were calculated to determine the relationship between synaptonemal complex length and recombination in pachytene cells. For B6 males, the Pearson correlation coefficients were 0.34 (P , 0.001, n = 91) for 20 dpp, 0.23 (P , 0.05, n = 80) for 12-week-olds, 0.05 (P . 0.05, n = 112) for 1-year-olds, and 0.13 (P . 0.05, n = 85) for 1.5-yearolds. For CD-1 males, the Pearson correlation coefficients were 0.53 (P , 0.0001, n = 89) for 20 dpp, 0.37 (P , 0.0001, n = 79) for 12-week-olds, 0.35 (P , 0.0001, n = 140) for 1-year-olds, and 0.49 (P , 0.0001, n = 56) for 2-year-olds. For C3H males, the Pearson correlation coefficients were 0.45 (P , 0.0001, n = 84) for 20 dpp, 0.32 (P , 0.01, n = 90) for 12-week-olds, and 0.26 (P , 0.05, n = 82) for 1-year-olds.
Analysis of synaptonemal complex length and MLH1 placement
To assess effects on the formation of the SC, SC lengths were measured from pachytene-stage cells used in recombination studies. The total synaptonemal complex length per cell was obtained by using Zeiss Axiovision measuring tools to measure the length of each of the 19 autosomal SCs. The sex chromosome bivalent was excluded. For chromosome-specific measurements, we used MicroMeasure v. 3.3 (Colorado State University), noting the position of MLH1 foci along the SC with respect to the centromere.
Diplotene-stage analysis
Fifty diplotene-stage cells were scored from three representative B6 males for each age group. Cells were scored on the basis of SYCP3 staining into four categories: (1) "all paired" if a physical connection was evident between all homologs in the cell, (2) "paired without obvious connections" if at least one pair of homologs had no obvious physical connection but remained aligned, (3) "unpaired" if at least one pair of homologs had no obvious physical connection and were neither aligned nor in close proximity, or (4) "unpaired sex chromosomes" if the X and Y were physically separated. A cell with unaligned homologs was placed in the third category even if other homologs in the cell had no obvious physical connections but were aligned. As in the analysis of synaptic defects in pachytene-stage cells, the sex chromosomes were excluded from analysis, except in the case where they were also unpaired (fourth category).
Air-dried preparations and analysis
MI and MII preparations were made from three 12-week-old and three 1.5-year-old C57BL6/J males using the air-dried method of Evans et al. 1964 . Slides were scored by two independent observers who were blinded with respect to age. The frequency of univalents was determined for 25-40 MI cells per male, and the frequency of aneuploidy and the presence of monad chromosomes were determined for 15-25 MII cells per male.
Statistical analyses
Among-group differences in mean numbers of foci for MLH1 and RAD51 and in SC length were analyzed by one-way ANOVA. For statistically significant differences (P , 0.05), a Newman-Keuls post hoc test was performed to infer which groups differed. Linear regression analyses were performed to determine the correlation between MLH1 foci and SC lengths. Chi-square analyses were used to assess betweengroup differences in the frequency of defects at both the pachytene and the diplotene-stage and in univalents at metaphase I.
Results
During meiotic prophase, homologous chromosomes synapse and recombine, events that are essential for the completion of spermatogenesis and the production of genetically normal sperm. To assess the effect of age on these processes, surface-spread preparations of mouse spermatocytes were immunostained with antibodies specific for SYCP3, a component of the synaptonemal complex, and MLH1, a DNA mismatch repair protein known to localize to the vast majority of crossovers (Baker et al. 1996; Holloway et al. 2008) . Males were analyzed at 20 dpp, 12 weeks, 1 year, and 1.5-2 years of age to assess successive life phases: juvenile, mature adult, middle-aged, and old, respectively (Flurkey et al. 2007 ). In mice, longevity varies with genetic background; accordingly, we analyzed two inbred strains (B6 and C3H) and one outbred (CD-1). Because of their comparatively long life span (Ray et al. 2010) , CD-1 mice were aged to 2 years instead of 1.5 years. In addition to detecting differences with advancing age, our analysis provides evidence of an unexpected difference in recombination during the first wave of spermatogenesis in the testis of sexually immature males.
Recombination rate is lower in the first wave of spermatogenesis
Regardless of genetic background, the number of MLH1 foci per cell was significantly lower in 20-dpp males by comparison with any category of adult littermates (Table 1 , P , 0.0001). For example, mean MLH1 foci counts per cell for 20-dpp-old males vs. 12-week-old adult littermates were 22.95 6 0.16 and 24.02 6 0.16 for B6, 21.73 6 0.14 and 22.98 6 0.16 for C3H, and 22.27 6 0.12 and 24.26 6 0.18 for CD-1. Thus, for all three strains the mean values for 20-dpp males were 5-8% lower than those of 12-week-old counterparts. In general, these reductions reflected decreases in SCs with two MLH1 foci and corresponding increases in those with a single focus. Pooled results for the different age groups are provided in Table 1 , and data on individual animals are shown in Supporting Information, Figure S1 . To determine if lower recombination levels were a reflection of sexual immaturity or a distinct feature of the first wave of cells to initiate meiosis, we compared MLH1 counts from sexually immature B6 males at 20, 30, and 35 dpp. As shown in Table 2 , our data indicate that adult levels of recombination are attained prior to sexual maturation, with a significant increase in mean MLH1 foci evident by 30 dpp (P , 0.0001).
Age influences meiotic prophase events
To assess the effect of age on meiotic recombination, we compared MLH1 profiles from adult littermates analyzed at successive ages. As shown in Table 1 , B6 and C3H males exhibited a steady increase in mean MLH1 counts with age, with a significant increase in recombination rate in aged males by comparison with young adults evident in both strains (P , 0.0001). The age-related increase was attributable to an increase in SCs with two recombination sites (from 20.5 to 31.3% in B6 and from 14.2 to 25.3% in C3H). The same trend was evident in CD-1 males, but the difference among groups did not reach significance (P . 0.05); mean MLH1 values at 12 weeks, 1 year, and 2 years were 24.26 6 0.18 (n = 193 cells), 24.49 6 0.18 (n = 140 cells), and 24.50 6 0.27 (n = 56 cells), respectively. We further analyzed MLH1 placement on chromosomes 1 and 11 in B6 males and found no differences between age groups ( Figure S2 ). Because recombination has been positively correlated with SC length (Lynn et al. 2002; Gruhn et al. 2014) , we measured total autosomal SC lengths in pachytene spermatocytes to determine if the age-related increase in recombination was accompanied by a corresponding increase in SC length (Table 1) . Mean SC length, like recombination, exhibited an age-dependent increase on two of the three genetic backgrounds. As shown in Table 1 , in B6 males, mean SC lengths increased from 154.20 6 1.12 micrometer (n = 91 cells) at 20 dpp to 172.47 6 1.72 mm (n = 85 cells) at 1.5 years old (P , 0.0001). Similarly, in CD-1 males, mean SC lengths increased from 146.93 6 1.18 micrometer at 20 dpp to 160.03 6 1.82 mm at 2 years old (P , 0.0001). In contrast, on the C3H background the age-related increase in recombination was not accompanied by an increase in SC length, as mean SC lengths did not deviate from 150 mm regardless of age (Table 1 , P . 0.05). Nevertheless, in all three genetic backgrounds, an age-related increase in SC length variability was evident with an increase in the standard error of the mean with age in each strain (Table 1) .
When recombination and SC length were correlated on a per-cell basis, a significant positive correlation was evident at all ages for both CD-1 and C3H males: the cells with the longest SCs had the most recombination (Figure 1 ). However, for the B6 strain, this relationship was observed for 20-dpp and 12-week-old mice, but not for 1-year and 1.5-year-old mice.
Age-dependent differences in recombination occur downstream of double-strand breaks Sex and strain-specific differences in recombination have been correlated with differences in RAD51 foci (Barlow et al. 1997; Lenzi et al. 2005; Oliver-Bonet et al. 2005; Gruhn et al. 2014) . To determine if age-dependent differences in recombination are similarly correlated, we analyzed RAD51 foci in zygotene-stage cells (Table 3) . Although significant differences were detected among some age groups, there was no clear pattern in RAD51 foci number with advancing age. For example, in B6 males, mean RAD51 counts were significantly different among age groups, but were not correlated with advancing age. Mean RAD51 jumped from 183.06 at 20 dpp to 230.73 at 12 weeks, but then decreased to 206.40 in 1-year-old males (P , 0.0001). For C3H and CD-1, there was no correlation with RAD51 counts and advancing age.
An age-related increase in unpaired sex chromosomes
In addition to recombination analyses at mid-pachytene, we analyzed synaptic defects to determine if age influenced the frequency of errors. At mid-pachytene, homologs should be fully synapsed and the distal ends of the sex chromosomes should be associated (Figure 2A ). With the exception of the C3H background, where an end-to-end association between an autosome and the X chromosome was frequently observed and increased in frequency with age ( Figure 2B ), there was no evidence for age-related synaptic defects (Table 4). However, an age-related increase in the frequency of sex chromosome pairing failure was evident in all strains (Table 4 and Figure 2C ). B6 and CD-1 exhibited a steady, nonsignificant increase with age (e.g., for B6 1.7% of cells at 20 dpp and 6.7% in 1.5-year-old mice; for CD-1, 0.6% of cells at 20 dpp, and 5% of cells in 2-year-old males). In C3H males, sex chromosome pairing failure was not observed in 20 dpp and 12-week-old adults, but a 2% level was observed in 1-year-old males.
Meiotic errors are effectively eliminated regardless of age Sex chromosome pairing failure is known to interfere with meiotic sex chromosome silencing (MSCI), causing meiotic arrest and cell death (Royo et al. 2010) . Furthermore, any cells that escape this fate and have unpartnered univalent chromosomes at metaphase I as a result of recombination failure would be expected to trigger meiotic arrest due to the actions of the spindle assembly checkpoint (Burgoyne et al. 2009 ). Therefore, we analyzed successive meiotic stages to examine the fate of cells with unpartnered sex chromosomes and determine if the efficacy of meiotic checkpoints diminishes with age. To minimize genetic variation, this analysis was performed on the B6 inbred strain and, as shown in Figure 2 , age-dependent increases in failure to maintain connections between homologous chromosomes were evident at both diplotene and metaphase I.
At diplotene, SCs begin to desynapse, and sites of exchange become evident as persistent connections between homologs ( Figure 2D ). Unlike pachytene cells, the frequency of unpaired sex chromosomes was negligible at the diplotenestage for any age group, ranging from 0 to 1.3% of cells, confirming the expectation that sex chromosome pairing failure would result in meiotic arrest and elimination of the cell at pachytene. Unexpectedly, however, we observed an increase in the frequency of autosomes that were unpaired at diplotene. The frequency of diplotene cells with visible sites of exchange between all homologs was 78.6, 59.3, and 54.7% at 20 dpp, 12 weeks, and 1.5 years old, respectively (Table 5 and Figure 2D ). The remaining cells could be broken down into two categories: those in which a homologous pair without an observable connection remained in close proximity and loosely aligned (paired) ( Figure 2E ) and those in which homologs were clearly separated (unpaired) ( Figure 2F ). The frequency of cells with separated but paired homologs was 16.7, 33.3, and 34 .7% at 20 dpp, 12 weeks, and 1.5 years old, respectively. The frequency of cells with clearly separated homologs, however, increased significantly with age from 4.7% in 20-dpp mice to 10.0% in 1.5-year-old males (x 2 = 21.5, P , 0.001).
To further examine the frequency and the fate of unpaired homologs in different age groups, the frequency of univalents was determined for 25-40 MI cells, and the frequency of missing or additional chromatids or chromosomes was determined for 15-25 MII cells per B6 male. In 12-week-old males, only 4% of cells had univalents at MI, and, of these, 2.7% involved the sex chromosomes and 1.3% were autosomal. In 1.5-year-old males, the frequency of univalents increased to 3.7 and 7.4% for sex chromosomes and autosomes, respectively (Figure 3 , A and B, and Table 6 ; P , 0.05). Because cells with univalents at MI should be eliminated by the spindle assembly checkpoint, we analyzed MII cells from the same males ( Figure 3C ). Neither the incidence of aneuploidy nor that of unpaired monads increased with age. Indeed, only a single abnormality was observed, and this was an apparent chromosome break in an MII cell from a 12-week-old male.
Discussion
This study provides insight into an outstanding question in the field of reproductive aging: Does paternal age negatively impact spermatogenesis? Previous studies of paternal age effects on spermatogenesis have focused on the analysis of sperm and aneuploid offspring. However, because errors in synapsis and recombination are strongly selected against (Hunt and Hassold 2002) , these studies may not accurately assess the effect of age on male meiosis. It has been postulated that age-related changes derive from compromised cellular functions such as DNA replication, repair, and cell cycle control (Paul and Robaire 2013) . Because these functions are essential for meiosis, we directly analyzed spermatocytes from juvenile, young, middle age, and aged male mice on three different genetic backgrounds to assess the effect of age on male meiosis. Three important findings derive from our studies. First, recombination is variable over the life span of the male, being comparatively lower in juvenile males and highest in males of advancing age. Second, the incidence of both synaptic defects and univalents at MI increases in aged mice, but the effects are limited to the most vulnerable chromosomes (the sex chromosomes and small autosomes). Third, even with advancing age, cells with errors are effectively eliminated at the metaphase/anaphase transition of MI, such that errors are not detected at MII.
Recombination levels vary with age
To our knowledge, this is the first study to demonstrate a significant reduction in recombination levels in the first wave of cells that initiate spermatogenesis. By comparison with the adult mouse testis, a number of factors differ in the sexually immature testis. Testis descent occurs prior to sexual maturation and is normally complete by 25 dpp in the mouse (O'Shaughnessy and Sheffield 1991). Thus, because the temperature in the scrotum is slightly lower than in the body, the first wave of spermatogenesis occurs at a higher temperature. In addition, first wave germ cells are supported by functionally immature Sertoli cells that have different gene expression profiles and lack the tight junctions responsible for the blood/testis barrier (Sharpe et al. 2003) . Leydig cells are also maturing, and important hormonal changes occur, with a decline in responsiveness to follicle-stimulating hormone and a concurrent rise in testosterone production and responsiveness (Sharpe 1994) . Thus, temperature and both the hormonal and paracrine environment differ markedly in the juvenile testis, and the possible influence of these environmental factors on recombination remains unknown.
However, because adult recombination levels were evident in the 30-dpp juvenile testis, our results suggest that lower recombination is not simply a reflection of sexual immaturity but rather a feature of the first cells that initiate meiosis. These cells are derived from gonocytes rather than from established spermatogonial stem cells and undergo fewer mitotic divisions before entering meiosis than cells in the adult testis (Yoshida et al. 2006; Drumond et al. 2011 ). Thus, it is possible that innate differences in germ cell origin affect the chromatin configuration of the meiocyte, leading to a reduction in recombination. The first wave of spermatogenesis is frequently utilized to obtain a synchronous population of spermatocytes to address questions about specific stages of spermatogenesis. Thus, our findings underscore the importance of recognizing that conclusions based on the study of the progenitors of the first population of cells that initiate meiosis may not accurately reflect the normal adult situation.
Recombination rate increased with advancing age in two of the three genetic backgrounds studied. This is similar to findings from early studies of chiasmata counts where an increase, although not statistically significant, was observed in 1.25-year-old B6, CBA, and Q strain males by comparison with younger adults (Speed 1977) . Although an age-related increase in recombination was not evident in the outbred CD-1 background, these males as well as males of both inbred strains exhibited an age-related increase in the variance for both recombination and SC length (e.g., compare SEM for both in Table 1 ). We postulate that the age-related increase in variation reflects a weakening in the control in this tightly regulated process. Importantly, however, our data do not provide evidence of an increased risk of recombination failure with age (i.e., SCs lacking an MLH1 focus) for any strain.
Sex and strain-specific recombination differences have been correlated with changes in the number of doublestrand breaks, as assessed by RAD51 foci (Moens et al. 2002) . Our data, however, provide no evidence that agerelated differences within a strain are mediated by changes in double-strand break formation. This is consistent with recent evidence suggesting that processes acting downstream of RAD51 can affect recombination levels (Cole et al. 2012) . Thus, recombination levels appear to reflect a complex interaction of factors acting at multiple stages of meiotic prophase. Currently, there is no evidence that recombination rate increases with age in humans, although the data bearing on this question are limited since most analyses have focused on young adult men and both extremes of the age spectrum (teenage males and men .65 years old) are not well represented. Furthermore, because linkage studies rely on the analysis of offspring, by comparison with direct analysis of pachytene spermatocytes, data for a given individual are extremely limited. Nonetheless, Kong et al. (2004) detected an increase in recombination rate variation in men 45 or older, which is consistent with the age-related increase in variance that we observed in mice. The development of a sensitive assay that allows for recombination studies of individual human sperm (Lu et al. 2012 ) provides a means of determining if a correlation between paternal age and recombination exists in humans.
Synaptic defect frequency increases with advancing age
We detected an age-related increase in unpaired sex chromosomes at the pachytene stage. The sex chromosomes are vulnerable to meiotic error in the male because synapsis and recombination are limited to the small pseudoautosomal region. In the mouse, sex chromosome pairing and synapsis are delayed by comparison to the autosomes, but synapsis involving the pseudoautosomal region is evident by early pachytene (Kauppi et al. 2011) . Consistent with this, we rarely observed sex chromosome pairing failure in younger males, but an age-related increase was a feature of males on all three genetic backgrounds.
Failure of the X and Y chromosomes to pair interferes with MSCI, and the resultant misexpression of Zfy2 effectively triggers apoptosis (Royo et al. 2010) . Consistent with this, we rarely observed unpartnered X and Y chromosomes at the diplotene stage, nor was an increase in sex chromosome univalents evident at metaphase I. This suggests that, although age increases errors in sex chromosome synapsis, the pachytene checkpoint control is unaffected by age and successfully prevents the progression of these cells.
Surprisingly, although our analyses did not reveal an increased incidence of sex chromosome univalents, an agerelated increase in prematurely separated small autosomal chromosomes was evident at both diplotene and MI. Although univalents at MI are usually attributed to recombination failure, our pachytene analyses provide no evidence of an age-related increase in autosomal synaptic defects or recombination failure. This, coupled with the fact that six of the eight cases of univalents involved small chromosomes, suggests that these abnormalities reflect an age-related increase in premature loss of cohesion rather than recombination failure. Given the recent interest in loss of cohesion as an age-related mechanism of aneuploidy production in the female (Liu and Keefe 2008; Chiang et al. 2010; Lister et al. 2010) , the finding of a similar, albeit subtle, age effect in the male is intriguing. Indeed, if a paternal age effect is confirmed in studies of carriers of mutations in cohesion genes, this would suggest that age-related cohesion loss may be driven, at least in part, by the physiological effects of aging (e.g., endocrine changes) rather than being a simple chronological effect as has been commonly assumed on the basis of studies in females.
The systematic analysis of successive meiotic stages illustrates the inherent risk of drawing conclusions from the analysis of a single meiotic stage. Specifically, our data suggest that the presence of "univalents" at the diplotene stage, which has been used in recent studies as a measure of recombination failure (e.g., Berkowitz et al. 2012) , may not provide an accurate assessment. The lack of obvious connections between homologs at diplotene may be misleading. That is, 33% of cells from 12-week-old males had at least one pair of homologs without a visible site of connection. If these homologs truly lacked a physical connection, a comparable number of univalents should have been evident at MI. In fact, univalents were observed in only 4% of MI cells, a frequency that corresponds nicely with the frequency of clearly separated univalents at diplotene (Table 5) . Our data suggest, however, that assuming that this category of diplotene cells represents the "true" incidence of recombination failure is similarly misleading; i.e., because a corresponding number of pachytene cells with an SC lacking an MLH1 focus was not observed, we postulate that the majority of autosomal univalents at MI were the result of premature loss of cohesion.
In contrast to the observations at MI, neither aneuploidy nor an increased incidence of unpaired monad chromosomes was detected at MII. This provides further evidence that metaphase checkpoints continue to effectively eliminate cells with errors (Vernet et al. 2011) , even in aged males.
Implications for humans
Taken together, our sequential analysis of meiotic stages during the life span of the male mouse provides evidence that advancing paternal age increases the frequency of meiotic errors. By comparison with the female, however, both the incidence of errors and the effect of age are modest (Hunt and Hassold 2002) . In addition, because checkpoint stringency is robust in male meiosis by comparison with female meiosis and our data provide no evidence of an age-related change, aberrant chromosome behavior at MI is not an accurate predictor of the frequency of aneuploid gametes in the male.
An obvious and important question is whether the findings from our studies in mice can be extrapolated to humans. Based on the analysis of mature sperm, the incidence of aneuploidy appears considerably higher in humans, with estimates of aneuploid sperm in the 0-0.4% range in inbred male mice (Mroz et al. 1999) and in the 1-7% range in humans (e.g., Martin et al. 1991; Hassold 1998; Shi and Martin 2000) . Although the incidence of errors is higher in men, our data suggest that it is unlikely that this is simply a reflection of a higher endogenous error rate. That is, unless cell cycle checkpoint stringency is also less efficient, meiotic errors should be efficiently eliminated. Importantly, however, evidence from both species suggests that perturbations in the testicular environment (e.g., impaired spermatogenesis as in XXY mice and infertile men) and environmental exposures can significantly elevate the incidence of disomic sperm (Mroz et al. 1999; Dakouane et al. 2005; Templado et al. 2013 ). Thus, the higher incidence of chromosomally abnormal sperm reported in human studies may be indicative of poorer fertility in general. The error rate and the effects of age are modest in the human male and, consequently, are of less concern than aging in the human female. Nevertheless, our observations clearly demonstrate adverse effects of age on meiotic chromosome behavior in male mice. Recent trends in human reproduction that include fathering children at later ages, coupled with concerns about declining fertility, further underscore the relevance of understanding both the cause(s) of meiotic errors in men and the impact of age on human spermatogenesis. 
Figure S1
Mean number of MLH1 foci per cell for individual B6, C3H, and CD-1 male mice of different ages. Significant age-related increases were observed for each of the three strains (F= 7.28, p<0.01 for B6; F= 11.90, p<0.01 for C3H; F=6.57, p<0.01 for CD-1).
Figure S2
MLH1 placement for chromosomes 1 and 11 in B6 male mice of different ages. Placement was determined by measuring the distance from the centromere (as determined by enriched DAPI signal), and calculated as a percentage of the total SC length. MLH1 placements were then binned into one of ten bins spanning from the centromere (cen) to telomere (tel).
